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High-Throughput Screening of 
Coenzyme Preference Change of 
Thermophilic 6-Phosphogluconate 
Dehydrogenase from NADP+ to 
NAD+
Rui Huang1, Hui Chen1, Chao Zhong1, Jae Eung Kim1 & Yi-Heng Percival Zhang1,2

Coenzyme engineering that changes NAD(P) selectivity of redox enzymes is an important tool in metabolic 
engineering, synthetic biology, and biocatalysis. Here we developed a high throughput screening method 
to identify mutants of 6-phosphogluconate dehydrogenase (6PGDH) from a thermophilic bacterium 
Moorella thermoacetica with reversed coenzyme selectivity from NADP+ to NAD+. Colonies of a 6PGDH 
mutant library growing on the agar plates were treated by heat to minimize the background noise, that 
is, the deactivation of intracellular dehydrogenases, degradation of inherent NAD(P)H, and disruption of 
cell membrane. The melted agarose solution containing a redox dye tetranitroblue tetrazolium (TNBT), 
phenazine methosulfate (PMS), NAD+, and 6-phosphogluconate was carefully poured on colonies, 
forming a second semi-solid layer. More active 6PGDH mutants were examined via an enzyme-linked 
TNBT-PMS colorimetric assay. Positive mutants were recovered by direct extraction of plasmid from dead 
cell colonies followed by plasmid transformation into E. coli TOP10. By utilizing this double-layer screening 
method, six positive mutants were obtained from two-round saturation mutagenesis. The best mutant 
6PGDH A30D/R31I/T32I exhibited a 4,278-fold reversal of coenzyme selectivity from NADP+ to NAD+. This 
screening method could be widely used to detect numerous redox enzymes, particularly for thermophilic 
ones, which can generate NAD(P)H reacted with the redox dye TNBT.

Nicotinamide adenine dinucleotide (NAD, which includes NAD+ and NADH) and nicotinamide adenine dinu-
cleotide phosphate (NADP, which includes NADP+ and NADPH) play distinctive roles in catabolism and anab-
olism, respectively. NAD and NADP differ in an additional phosphate group esterified at the 2′ -hydroxyl group 
of adenosine monophosphate moiety of NADP (Fig. 1). Numerous redox enzymes use NAD(P) as a coenzyme, 
which is usually held within the Rossmann fold. Coenzyme engineering that changes coenzyme selectivity (i.e., 
NAD vs. NADP) of dehydrogenases and reductases is one of the important tools for metabolic engineering and 
synthetic biology. For example, to produce high-yield biofuels (e.g., butanol, fatty acid esters) under anaero-
bic conditions, it is essential to balance NADH generation and NAD(P)H consumption1–3. Besides the use of 
transhydrogenase to transfer the hydride from NADH to NADPH4,5, coenzyme engineering matching coen-
zyme selectivity of dehydrogenases and reductases is essential to achieve nearly theoretical product yields6–8. 
Coenzyme engineering is also essentially important in biocatalysis. Most times, changing the coenzyme selec-
tivity of dehydrogenases from NADP to NAD is preferable due to (1) NAD is less costly than NADP9,10 and (2) 
NADH is more stable than NADPH11–13. Also, there are more NADH regeneration enzymes than NADPH regen-
eration enzymes14. Intensive studies have been conducted for changing coenzyme selectivity of dehydrogenases 
from NADP to NAD1,15,16 and from NAD to NADP17–19 as well as broadening coenzyme selectivity10. Recent 
coenzyme engineering studies have expanded the coenzyme selectivity of some redox enzymes to biomimetic 
coenzymes9,20–22.
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Directed evolution is one of the powerful protein engineering tools that can change enzymes’ substrate selec-
tivity. The most challenging task of directed evolution is the efficient identification of desired mutants from a large 
mutant library23. As for coenzyme engineering, the use of 96-well microplate screening based on the absorbency 
of NAD(P)H at 340 nm is a straightforward choice1. Also, the signal of NAD(P)H can be detected by colori-
metric redox indicators. For example, the Arnold’s group utilized a redox dye nitroblue tetrazolium (NBT) plus 
catalyst phenazine methosulfate (PMS) to determine enhanced thermal stability of 6-phosphogluconate dehy-
drogenase (6PGDH) with the natural coenzyme (NADP+) in the cell lysate of E. coli24. Later, Zhao and his cow-
orkers applied this method to find out dehydrogenase mutants with relaxed coenzyme selectivity10. However, the 
microplate-based screening is labor-intensive and time-consuming, involving colony picking, liquid cell culture, 
cell lysis, centrifugation, and enzyme activity assay. Due to high background noise of the intracellular reduc-
ing compounds and other redox enzymes in the cell lysate, Banta et al. utilized native gels to separate mutants 
of 2, 5-diketo-D-gluconic acid reductase from the cell lysate, followed by the measurement of UV absorbency 
changes25. However, this method required more steps and had lower capability of screening. Holbrook and his 
coworkers26 developed a method to duplicate colonies from Petri dishes to nitrocellulose paper followed by cell 
lysis by using lysozyme, detergent, and heat treatment. The targeted dehydrogenase activity was measured by 
the NBT-PMS assay. Later, Ellington’s group applied this method to identify lactate dehydrogenase mutants with 
their coenzyme preference change from NAD+ to NADP+ 27. Nevertheless, this screening method still requires a 
lot of steps and the throughput is modest due to smearing effect of colony duplication on nitrocellulose paper26. 
Therefore, it is urgently needed to develop a simple and effective high-throughput screening method to determine 
coenzyme selectivity change of dehydrogenases.

6-phosphogluconate dehydrogenase (6PGDH, EC 1.1.1.44), the third enzyme in the pentose phosphate path-
way, converts the 6-phophogluconate and NADP+ to ribulose 5-phosphate, NADPH, and CO2. 6PGDH from a 
thermophilic bacterium Moorella thermoacetica was utilized to generate NADPH for the high-yield hydrogen 
production28 and generate NADH for electricity generation in biobattery29, but the catalytic efficiency (kcat/Km) 
for NADP+ was far higher than that for NAD+. Increasing this enzyme’s coenzyme selectivity for NAD+ could be 
important to decrease NADP+ use and increase lift-time of biobattery and other applications, such as low-cost 
biohydrogenation powered by sugars30.

In this study, we developed a simple Petri-dish-based double-layer screening for identifying mutants of 
thermophilic 6PGDH with enhanced catalytic efficiencies for NAD+, where the second agarose layer contained 
a redox dye tetranitroblue tetrazolium (TNBT), a catalyst PMS, 6-phophogluconate, and NAD+ and positive 
mutants were observed by darker color of heat treated colonies. Via this method, several 6GPDH mutants were 
identified with coenzyme selectivity reversed from NADP+ to NAD+.

Results
Dual promoter plasmid for screening and protein expression. For directed evolution, it is 
important to create the library with a large number of mutants and express enough recombinant proteins for 

Figure 1. Chemical structures of NADP+ and NAD+. Structures of NADP+ and NAD+ were shown and the 
phosphate group on NADP+ was highlighted in gray.
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characterization. In this study, the dual T7-tac promoter was constructed to control the expression of 6PGDH 
in both high transformation efficiency host E. coli TOP10 and high protein expression host E. coli BL21(DE3) 
(Fig. 2a). Plasmids and strains were listed in Table 1. Plasmid pET28a-Ptac-6pgdh consists of a strong inducible 
promoter T7, a modest inducible promoter tac, a lac operator, a ribosome binding site (RBS), and the 6pgdh gene. 
In E. coli TOP10, the modest expression of 6PGDH was accomplished by the tac promoter, while the T7 promoter 
was inactive due to a lack of T7 RNA polymerase. In E. coli BL21(DE3), high expression levels of 6PGDH was 
obtained under the control of both T7 and tac promoter. As SDS-PAGE analysis showed, although the 6PGDH 
expression was modest in E. coli TOP10, the 6PGDH expression level in E. coli BL21(DE3) was high and displayed 
4.3-fold greater than that in E. coli TOP10 (Fig. 2b).

Optimization of screening conditions. The mechanism of colorimetric assay in double-layer screening 
was shown in Fig. 3. The reduced NADH generated by 6PGDH reacts with TNBT in the presence of PMS, yield-
ing a black TNBT-formazan. Heat-treatment was applied to reduce the background noise from host mesophilic 
enzymes and metabolites (e.g., NADPH and NADH)31 and disrupt cell membranes for NAD+ diffusion32,33. To find 
out the optimal heat-treatment temperature, two control colonies of E. coli TOP10 containing pET28a-Ptac-6pgdh  
(positive) and containing pET28a-Ptac (negative) were treated at 23, 60, 70 and 80 °C for 1 h. The colonies were 
then covered by the second layer containing the dye, PMS, NAD+, and substrate. As the result showed in Fig. 4a, 
the positive colonies and the negative colonies without heat treatment developed the same black color. When 
the heat-treatment temperature was greater than 70 °C, the colonies of the negative control did not develop the 
black color, indicating the decreased background noises. Positive control colonies expressing 6PGDH exhib-
ited the darker color with haloes regardless of heat-treatment temperatures. Based on the result, the optimal 
heat-treatment temperature was 70 °C.

The screening conditions were also influenced by NAD+ concentration and reaction time. As shown in Fig. 4b, 
the E. coli colonies expressing 6PGDH developed darker color and larger haloes with increasing NAD+ concen-
tration and time interval. The colonies with the second layer containing 0 mM NAD+ started developing the dark 

Figure 2. Validation of the dual T7-tac promoter for 6PGDH screening in E. coli TOP10 and protein 
expression in E. coli BL21(DE3). (a) The conceptual plasmid map of pET28a-Ptac-6pgdh. The DNA sequence of 
Ptac, lac operator, and RBS were shown as underlined, italic, and small, respectively. (b) SDS-PAGE analysis of 
6PGDH expression in E. coli TOP10 and E. coli BL21(DE3). M, protein marker; Control, pET28a-Ptac;  
WT, pET28a-Ptac-6pgdh; P, purified 6PGDH. 6PGDH was indicated with an arrow.
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color after 2 h, while E. coli TOP10 colonies (pET28a-Ptac) did not develop the color under the same condition 
(data not shown), implying that the heat-treatment was not enough to degrade E. coli NAD(P)+ completely34,35. 
To minimize the impact of E. coli inherent NAD(P)+, the screening time was recommended to be less than 2 h.

Screening 6PGDH mutants for increasing NAD+ activity. After optimization of heat-treatment 
temperature and color development time, the double-layer screening method was used to determine 6PGDH 
mutants’ coenzyme selectivity change. Figure 5 shows the image of a typical double-layer screening plate con-
taining positive mutants, which were identified by darker color with haloes compared to wild-type and negative 
mutants. It was found that the color densities of colonies were related to mutant activities for NAD+ (data not 
shown).

To make a reasonable size mutant library with 5-fold coverage, the 6PGDH mutant library was conducted 
through two-round saturation mutagenesis. In the first round, the site-directed mutagenesis of R31 was con-
ducted and approximately 200 colonies were screened. Two positive mutants, R31T and R31I, were identified and 
characterized (Table 2). Starting from the best mutant R31I, the two-site-saturated mutagenesis library A30/T32 
was constructed. After screening of 5,000 mutants, another four positive mutants, R31I/T32G, A30C/R31I/T32K, 
A30E/R31I/T32D and A30D/R31I/T32I were identified.

Characterization of 6PGDH mutants. The activity and kinetic constants for NAD(P)+ of wild-type 
6PGDH and mutants were summarized in Table 2. Through the first round screening, the R31I had a double 
Km value (26.5 μ M) for NADP+ and a one fourth Km value (354 μ M) for NAD+ compared to those of wild-type. 

Description Contents Reference/sources

Strain

E. coli Bl21star(DE3) B F− ompT gal dcm lon hsdSB(rB
−mB

−) rne131 (DE3) Invitrogen

E. coli TOP10 F– mcrA crmrr-hsdRMS-mcrBC) Φ 80lacZac80 Δ lacX74 recA1 araD139 Δ (ara leu) 7697 galU galK rpsL (StrR) endA1 
nupG Invitrogen

Plasmid

pET28a Invitrogen

pET28a-6pgdh Precusor of pET28a-Ptac-6pgdh in this study

pET28a-Ptac-6pgdh dual promoter (PT7 and Ptac) and moth6pgdh In this study

primers*

28_back_F 5′ -CGACCAAGACCGACTAAGCCGATATGCATATGTATATCTCCTTCTTAAAG-3′ pET28a

28_back_R 5′ -GGCCACGACGTGGCCCGGAAACACCACCACCACCACCACTGAGAT-3′ 

6PG_F 5′ -CTTTAAGAAGGAGATATACATATGCATATCGGCTTAGTCGGTCTTGGTCG-3′ Moorella thermoacetica

6PG_R 5′ -ATCTCAGTGGTGGTGGTGGTGGTGTTTCCGGGCCACGTCGTGGCC-3′ 

T7_Tac_F 5′ -Phos-GGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTC-3′ pET28a-6pgdh

T7_Tac_R 5′ -Phos-GATGATTAATTGTCAACCTATAGTGAGTCGTATTAATTTCG-3′ 

31_NNK_F 5′ -GAAGTGCGAGGATACGCCNNKACTAAGGCTACCGTGG-3′ pET28a-Ptac-6pgdh

31_NNK_R 5′ -CCACGGTAGCCTTAGTMNNGGCGTATCCTCGCACTTC-3′ 

30_32_NNK_F 5′ -CATGGTCATGAAGTGCGAGGATACNNKATTNNKAAGGCTACCGTGGACAAAGC-3′ pET28a-Ptac-6pgdh R31I

30_32_NNK_R 5′ -GCTTTGTCCACGGTAGCCTTMNNAATMNNGTATCCTCGCACTTCATGACCATG-3′ 

Table 1.  The strains, plasmids, and oligonucleotides used in this study. *Boldface nucleotide sequences 
indicate randomized positions.

Figure 3. Scheme of the colorimetric assay for 6PGDH activity for NAD+. 6PGDH oxidizes 
6-phosphogluconate into ribulose-5-phosphate and CO2, and reduces NAD+ to NADH. In the presence of 
phenazine methosulphate (PMS) and NADH, the colorless redox dye tetranitroblue tetrazolium (TNBT) was 
reduced to black TNBT-formazan.
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Figure 4. Optimization of heat treatment temperature and color development time. (a) Optimization of 
heat-treatment temperature for screening. E. coli TOP10 (pET28a-Ptac) was a negative control while E. coli  
TOP10 (pET28a-Ptac-6pgdh) was a positive control. Colonies were treated at 23, 60, 70 and 80 °C for 1 h, 
respectively. The color changes of the colonies overlaid by the second agarose layer were examined. (b) Optimization  
of color development time and NAD+ concentration. Heat-treated colonies of E. coli TOP10 (pET28a-Ptac-6pgdh)  
was overlaid by the second layer containing 0, 0.1, 0.3 or 1 mM NAD+. The color change profiles of colonies 
were photographed at 0, 0.5, 1 and 2 h.

Figure 5. Photo images of the double-layer screening of the mutant library containing two-site mutagenesis  
of A30/T32. The second layer contained 0.1 mM NAD+. The color development time was 1 h. The positive 
mutants featuring darker colonies with haloes were identified by red arrows.

Mutations

Km [μM] kcat [s−1] kcat/Km [mM−1 *s−1] Ratio kcat/Km

NADP+ NAD+ NADP+ NAD+ NADP+ NAD+ NAD+/NADP+

WT 13. 9 ±  1.1 1397 ±  111 8.73 ±  0.02 12.6 ±  0.4 628.8 9.0 0.014

R31T 35.5 ±  1.7 605 ±  47 10.83 ±  0.13 9.12 ±  0.23 305.6 15 0.049

R31I 26.5 ±  1.3 354 ±  12 11.53 ±  0.15 15.01 ±  0.17 435.0 42.4 0.097

R31I/T32G 104.4 ±  5.4 362 ±  23 11.9 ±  0.16 12.94 ±  0.27 114.0 35.8 0.31

A30C/R31I/T32K 698 ±  49 404 ±  33 6.23 ±  0.18 6.0 ±  0.2 8.9 14.8 1.66

A30E/R31I/T32D 660 ±  64 127 ±  7 3.1 ±  0.1 10.8 ±  0.2 4.7 85.1 18.1

A30D/R31I/T32I 228 ±  16 11.87 ±  0.55 1.81 ±  0.05 5.75 ±  0.05 7.9 484.2 61.1

Table 2.  Kinetics parameters of 6PGDH and mutants. Each value represents the average of three independent  
measurements.
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Similarly, the R31T exhibited a 3.5-fold reversal due to higher Km value for NADP+ and lower Km value for 
NAD+. Starting from R31I, the second round mutant R31I/T32G had higher Km of 104.4 μ M for NADP+ than 
that of R31I but no significant change in Km for NAD+. The A30C/R31I/T32K had lower kcat of 6.23 s−1 but much 
higher Km of 698 μ M on NADP+. Also, this mutant had a kcat value of 6.0 s−1 and Km value of 404 μ M on NAD+. 
The A30E/R31I/T32D had a very low kcat value of 3.1 s−1 but a high Km value of 660 μ M for NADP+, resulting in 
catalytic efficiency for NADP+ as low as 4.7 mM−1 s−1. However, the kcat and Km for NAD+ decreased to 10.8 s−1 
and 127 μ M, respectively, resulting in an increase in catalytic efficiency for NAD+ to 85.1 mM−1 s−1.

The best mutant was A30D/R31I/T32I in terms of kcat/Km for NAD+. Comparing with wild-type, the kcat 
value for NADP+ decreased to 1.81 s−1 but the Km value increased to 228 μ M. On the other hand, the kcat value 
for NAD+ reduced to 5.75 s−1 and the Km value decreased to 11.87 μ M, which was comparable to the Km value 
of wild-type for NADP+ (13.9 μ M). The catalytic efficiency of A30D/R31I/T32I for NADP+ was decreased by 
80-fold, while the catalytic efficiency for NAD+ was increased by 54-fold, from 9 to 484.2 mM−1 s−1, resulting in 
a 4,278-fold reversal of coenzyme selectivity from NADP+ to NAD+.

Discussion
Here we developed an easy high-throughput screening method based on double-layer Petri dishes for determin-
ing the coenzyme selectivity of thermophilic 6PGDH for NAD+. In this screening, the reduced NADH generated 
from 6-phosphogluconate catalyzed by 6PGDH mutants could react with TNBT, generating the black TNBT 
formazan. Although double-layer screening is a very classical enzyme- or microorganism-screening technique 
without costly instruments, it was surprising that there were few efforts in coenzyme engineering possibly due to 
multiple reasons. Compared to colony duplication developed by the Holbrook’s group26, our method avoided col-
ony duplication and possible smear effects during colony duplication, resulting in less labor and higher through-
put screening capacity (e.g., 800 colonies per dish). Furthermore, we applied heat-treatment to kill the E. coli cells, 
disrupt cell membrane33,36, degrade metabolites including NAD(P)H, and deactivate other E. coli enzymes that 
can work with NAD+, but retain intracellular thermophilic 6PGDH for a quick screening. This heat-treatment 
was efficient to decrease background interference and facilitate substrate mass transfer (Fig. 4) but it also killed 
the E. coli cells, resulting in a problem for recovering E. coli cells. To avoid living cell colony replication before 
heat-treatment as performed previously23, we developed an alternative technique to recover the plasmid from 
dead E. coli colonies – picking black dead-cell colonies for micro-plasmid purification followed by the transfor-
mation of E. coli TOP10. We had a high-throughput screening capacity without any colony replication associated 
with smear effects and possible cross contamination. As compared to 96- or 384-well plates with assistance of an 
automatic machine, this high-throughput screening method has several advantages: high screening capacity of 
approximately 800 colonies per Petri dish, less reagent consumption, less time used for cell cultures and enzyme 
activity assay, and no need for costly automatic machine that most labs cannot afford.

It was essentially important to find out a suitable redox dye that can react with NADH but have low interfer-
ence by other compounds. We tested a few redox dyes, including methyl viologen37, benzyl viologen38, neutral 
red39, methylene blue40 and TNBT41,42. It was found that TNBT was the best because black formazan was very 
stable in the exposure of air and it had the strongest color change comparing with controls (data not shown). For 
example, oxidized methylene blue (blue color) is a pH-dependent redox dye that can react with NADH. But its 
reduced form (colorless) can react with oxygen in air, resulting in slow regeneration of blue color. As a result, this 
dye was not suitable for screening dehydrogenases whose specific activities were low on non-natural coenzymes.

The E. coli TOP10 is a good strain for mutant library construction because of the high transformation efficien-
cies (e.g., 108–9 cfu/μ g plasmid DNA). However, its ability of recombinant protein expression is much lower than 
the E. coli BL21(DE3) utilizing the pET expression system, which suffers from low transformation efficiencies 
(e.g., 106 cfu/μ g plasmid DNA) and possible undesired DNA recombination. A typical directed evolution protocol 
often involves screening in E. coli TOP10 followed by subcloning of mutant’s DNA sequences into pET plasmid 
and recombinant protein expression in E. coli BL21(DE3)43,44. To delete the subcloning step between screening 
and protein expression, we developed a dual promoter T7-tac (Fig. 2a). In E. coli TOP10 host growing on the LB 
medium, the tac promoter was responsible for modest expression of the target protein. In E. coli BL21(DE3) host 
plus IPTG, higher protein expression levels were achieved (Fig. 2b).

Six positive mutants were identified through two round mutant libraries. The arginine at position 31 of 
wild-type 6PGDH was critical to recognize 2′ -phosphate of NADP+ and formed double hydrogen bonds with 
2′ -phosphate by the side chain, which was supported by previous study45. Similarly, T32 formed another hydro-
gen bond with 2′ -phosphate through the side chain. Meanwhile, A30 was responsible for the formation of the 
NADP-binding pocket because of close proximity to 2′ -phosphate in the structure model (Fig. 6a). After one-site 
mutation to isoleucine, the mutant R31I lost the ability of binding the 2′ -phosphate of NADP+, resulting in a dou-
ble increase in Km for NADP+ and a four-time decrease in NAD+ (Table 2). Similarly, after mutating to threonine, 
the R31T had a three-fold Km increase for NADP+ but a two-fold Km decrease for NAD+.

The A30D/R31I/T32I was the best mutant in terms of kcat/Km for NAD+. In addition to R31I, the extra muta-
tion of alanine to aspartate at position 30 formed new hydrogen bonds with both 2′  and 3′ -hydroxyl group of 
adenosine monophosphate moiety of NAD+ (Fig. 6b) and helped increasing the binding affinity for NAD+, fur-
ther 30-fold decline in Km for NAD+ compared to R31I. The replacement to the other acidic amino acid glutamate 
at the same position was also found at A30E/R31I/T32D with 3-fold lower Km for NAD+ as compared to R31I. 
Recently, the mutant included replacement to aspartate at same position was reported for 6PGDH from G. stearo-
thermophilus with slightly decreased Km

46. The mutation threonine to isoleucine at position 32 broke the residual 
hydrogen bonds with 2′ -phosphate of NADP+ and possibly decreased enzyme binding with NADP+, another 
55-fold decrease in catalytic efficiency for NADP+. A decrease in binding affinity for NADP+ due to a mutation 
to a hydrophobic amino acid at the same threonine position was also reported for sheep liver 6PGDH mutant 
T34A47. Overall, a combination of the deletion of hydrogen bonds with 2′  phosphate of NADP+ at positions 31 
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and 32 and then addition of more hydrogen bonds with hydroxyl group of NAD+ at position 30 resulted in a more 
than 4,000-fold reversal of coenzyme selectivity from NADP+ to NAD+.

In conclusion, a high-throughput screening method was established for determining the NAD+ selectivity of 
thermophilic 6PGDH mutants. This double-layer method based on the colorimetric TNBT-PMS assay dramati-
cally decreased dehydrogenase screening labor. The best 6PGDH mutant A30D/R31I/T32I showed a 4,278-fold 
reversal of coenzyme preference from NADP+ to NAD+.

Materials and Methods
Chemicals, plasmids and strains. All chemicals were reagent grade or higher, purchased from Sigma-
Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA), unless otherwise noted. The M. thermoacetica 
genomic DNA was purchased from the American Type Culture Collection (Manassas, VA). All enzymes for 
molecular biology experiments were purchased from New England Biolabs (NEB, Ipswich, MA). Strains, plas-
mids, and oligonucleotides used in this study are listed in Table 1.

Construction of pET28a-Ptac-6pgdh. Plasmid pET28a-Ptac-6pgdh was constructed as follows. The inserted 
6pgdh gene was amplified from M. thermoacetica genomic DNA by using a pair of primers 6PG_F/6PG_R and 
the linearized vector backbone was amplified from pET28a by using a pair of primers 28_back_F/28_back_R. The 
insertion and vector backbone were assembled into multimeric plasmids by prolonged overlap extension-PCR48. 
The PCR product was directly transformed into E. coli TOP10, yielding pET28a-6pgdh. To make the dual pro-
moter plasmid pET28a-Ptac-6pgdh, the linear backbone of plasmid pET28a-Ptac-6pgdh was amplified based on 
pET28a-6pgdh by using a pair of 5′  phosphorylated primers T7_Tac_F/T7_Tac_R containing each half of the 
promoter Ptac and was self-ligated by NEB Quick Ligation™  Kit. After transformation into E. coli TOP10, plasmid 
pET28a-Ptac-6pgdh was obtained.

Construction of mutant libraries by saturation mutagenesis. The two-round DNA mutant libraries 
were constructed by the NEB Phusion site-directed mutagenesis kit. In the first round, the single-site satura-
tion mutagenesis library R31 was amplified based on pET28a-Ptac-6pgdh by using a pair of degenerate primers 
31_NNK_F/31_NNK_R. The two-site saturation mutagenesis library A30/T32 was amplified from plasmid of 
pET28a-Ptac-6pgdh (R31I) by using a pair of degenerate primers 30_32_NNK_F/30_32_NNK_R. PCR reaction 

Figure 6. Surface view of wild-type 6PGDH with NADP+ (a) and mutant A30D/R31I/T32I with NAD+ 
(b). The amino acid residues A30, R31 and T32 of wild type 6PGDH and corresponding mutated residues of 
mutant A30D/R31I/T32I were depicted as sticks and the replacements were marked as red. Atoms were colored 
according to the types: N, blue; O, red; P, orange; C, green and H, white. Hydrogen bonding between residues 
and cofactor were shown as yellow line.
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solution (50 μ L) containing 1 ng of plasmid template was conducted as follows: 98 °C denaturation for 1 min; 20 
cycles of 98 °C denaturation for 30 s, 60 °C annealing for 30 s and 72 °C extension for 3 min; and 72 °C extension 
for 5 min. The PCR product was digested by DpnI followed by purification of gel electrophoresis and Zymoclean™  
Gel DNA Recovery Kit (Zymo Research, Irvine, CA). The purified plasmid library was transformed into E. coli 
TOP10 for screening.

Optimization of heat treated temperature and time window of HTP screening. In order to 
find out the optimal heat treated temperature and time window for screening, the E. coli TOP10 carrying plas-
mid pET28a-Ptac (negative control) and E. coli TOP10 with pET28a-Ptac-6pgdh (positive control) were grown 
on the 1.5% agar LB medium with 50 μ M kanamycin at 37 °C overnight and at room temperature for another 
day. Colonies of TOP10 (pET28a-Ptac) and TOP10 (pET28a-Ptac-6pgdh) were treated at 23, 60, 70 and 80 °C for 
1 h, respectively. After cooling down to room temperature, 8 mL of 0.5% (wt/v) melted agarose solution (60 °C) 
containing 50 mM Tris-HCl (pH 7.5), 50 μ M TNBT, 10 μ M PMS, 2 mM 6-phosphogluconate, and 1 mM NAD+ 
was carefully poured on the heat-treated colonies. After incubation at room temperature for 1 h, the color change 
of colonies (to black) was examined on the white background. To find out the right time window for screening, 
colonies of E. coli TOP10 (pET28a-Ptac-6pgdh) were treated at 70 °C for 1 h. After cooling down to room tem-
perature, the heat-treated colonies were overlaid by the melted 0.5% (wt/v) agarose solution containing 50 mM 
Tris-HCl (pH 7.5), 50 μ M TNBT, 10 μ M PMS, 2 mM 6-phosphogluconate, and a NAD+ concentration of 0, 0.1, 
0.3 or 1 mM. The color change of different groups was photographed at room temperature at 0, 0.5, 1 and 2 h. 
Heat-treated colonies had three replicates.

High-throughput screening of 6PGDH mutants with enhanced NAD+ activities. The double-layer  
screening of 6PGDH mutants on NAD+ was performed as follows. After the transformation of the plasmid 
mutant library, the E. coli TOP10 cells were spread on the 1.5% agar LB medium containing 50 μ M kanamycin 
with an expected colony number of 500–800 per Petri dish. The dishes were incubated at 37 °C overnight and at 
room temperature for another day to ensure enough recombinant 6PGDH expression49. The colonies on plates 
were treated at 70 °C for 1 h to kill cells, deactivate E. coli mesophilic enzymes, and degrade metabolites and intra-
cellular coenzymes. Eight mL of 0.5% (wt/v) melted agarose solution (60 °C) containing 50 mM Tris-HCl (pH 
7.5), 50 μ M TNBT, 10 μ M PMS, 2 mM 6-phosphogluconate, and 1 mM (for library R31) or 0.1 mM (for library 
A30/T32) NAD+ was carefully poured on the heat-treated colonies. After incubation at room temperature for 
1 h, positive colonies were identified based on the formation of black haloes. The identified colonies embedded 
in the agarose gel were taken out by a sterile toothstick and then suspended in 200 μ L of the P1 buffer of Zymo 
ZR Plasmid Miniprep™  kit followed by the Zymo ZR plasmid purification protocol. A tiny amount of plasmid 
extracted from the agarose gel was transformed into E. coli TOP10 for plasmid amplification, purification and 
DNA sequencing.

Overexpression and purification of wild-type 6PGDH and mutants. Plasmid pET28a-Ptac-6pgdh of 
wild-type or mutants was transformed to E. coli BL21(DE3) for protein overexpression in LB medium with 50 μ M  
kanamycin at 37 °C. The protein expression was initiated by adding 0.1 mM IPTG until A600 reached ~0.6–0.8. 
The protein expression was induced at 37 °C for 6 h. Cell pellets were harvested by centrifugation and then were 
re-suspended in a 20 mM sodium phosphate and 0.3 M NaCl buffer (pH 7.5) containing 10 mM imidazole. After 
sonication and centrifugation, the supernatant was loaded onto the column packed with HisPur Ni-NTA Resin 
(Fisher Scientific, Pittsburgh, PA) and then eluted with 20 mM sodium phosphate buffer (pH 7.5) containing 
300 mM NaCl buffer and 250 mM imidazole. Mass concentration of protein was determined by the Bradford assay 
using bovine serum albumin (BSA) as the standard and the 6PGDH expression levels and purified 6PGDH were 
checked by SDS-PAGE and analyzed by using densitometry analysis of the ImageJ software.

6PGDH activity assays. The activities of 6PGDH and mutants were measured in 100 mM HEPES buffer 
(pH 7.5) with final concentration of 2 mM 6-phosphogluconate, 2 mM NAD(P)+, 5 mM MgCl2 and 0.5 mM 
MnCl2 at 50 °C for 5 min, as described elsewhere29. The formation of NAD(P)H was measured at 340 nm by a 
UV/visible spectrophotometer (Beckman Coulter, Fullerton, CA). The enzyme unit was defined as one μ mole of 
NAD(P)H produced per min. For determining enzyme kinetic parameters on coenzymes, the enzyme activity 
was measured in same buffer as described above except changing the concentration of NAD(P)+ from 5 to 5000 μ 
M. The result was regressed by GraphPad Prism 5 (Graphpad Software Inc, La Jolla, CA) and apparent Km and kcat 
for NAD(P)+ of 6PGDH was given based on Michaelis-Menten nonlinear regression. All the reactions contained 
three independent replicates and fitted with linear range.

Structural analysis. The three-dimensional structure modeling of wild-type 6PGDH from M. thermoacetica 
and mutants were built by SWISS-MODEL based on the human 6PGDH (PDB: 2JKV) with 39.4% sequence iden-
tity. The structures of NADP+ and NAD+ were built by using Chemdraw (PerkinElmer, Waltham, MA). Starting 
from the initial protein and coenzyme structures, the conformation space accessible by NADP+ and NAD+ bind-
ing to the corresponding coenzyme binding area was analyzed by using the Autodock program (Scripps Research 
Institute, La Jolla, CA).
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